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A bright future for bioluminescent imaging in viral research

Stewart M Coleman? and Alistair McGregor™!

IHealth Science Center, Department of Microbial Pathogenesis & Immunology, Texas A&M
University, 407 Reynolds Medical Building, College Station, TX 77843-1114, USA

Summary

Bioluminescence imaging (BLI) has emerged as a powerful tool in the study of animal models of
viral disease. BLI enables real-time in vivo study of viral infection, host immune response and the
efficacy of intervention strategies. Substrate dependent light emitting luciferase enzyme when
incorporated into a virus as a reporter gene enables detection of bioluminescence from infected
cells using sensitive charge-coupled device (CCD) camera systems. Advantages of BLI include
low background, real-time tracking of infection in the same animal and reduction in the
requirement for larger animal numbers. Transgenic luciferase-tagged mice enable the use of pre-
existing nontagged viruses in BLI studies. Continued development in luciferase reporter genes,
substrates, transgenic animals and imaging systems will greatly enhance future BLI strategies in
viral research.
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This review explores current strategies utilized in the study of virus infection via
bioluminescence imaging (BLI) in tissue culture and in various animal models of human
disease. BLI has become a highly effective technology for the study of viral pathogenesis,
host immune response and antiviral strategies (Table 1). Noninvasive and biocompatible
BLI enables real-time in vivo analysis of viral replication and dissemination in an animal
model. BLI takes advantage of the light emitting luciferase enzymes as novel reporter genes.
Although there are many different luciferases [1], only a few are used for in vivo imaging:
Photinus pyralis (firefly) luciferase (FLuc); Pyrophorus plagiophthalamus click beetle green
luciferase (CBGLuc); and click beetle red luciferase (CBRLuc); Renilla reniformis (sea
pansy) luciferase (RLuc); Gaussia princeps (marine copepod) luciferase (GLuc); and
Oplophorus gracilirostris (deep sea shrimp) derived luciferase (NanoLuc) (Table 2).
Typically an animal inoculated with a luciferase reporter gene tagged recombinant virus, or
expression plasmid, is subsequently injected with a luciferase substrate, sedated and placed
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in a light proof specimen chamber for measurement of light emission. Gray-scale
photographic, or a laser scan topography image, of the animal is superimposed onto the
bioluminescent pseudocolor images using specialized software. Although the pseudocolors
depend on the vendors' choice, generally areas showing the highest level of light (photons)
emitted are depicted with red, and lowest emission regions are represented in blue. The
bioluminescence signal is expressed in units of photons per second per cm?/steradain
(reviewed in [2]). Figure 1A shows the overall strategy for BLI, which can be applied to
tissue culture plates as well as animal models. Unlike fluorophores, such as green
fluorescent protein (GFP), luciferase does not require excitation light for photon emission
but instead luciferase metabolizes a specific substrate. Depending on the luciferase specific
cofactors such as ATP, Mg2* and oxygen are also utilizes to produce light (photons), the
example shown in Figure 1 is for FLuc (Figure 1A). Since cells do not normally emit light,
BLI has a good signal to background ratio [3,4]. BLI has several advantages over alternative
more conventional strategies for detection of reporter gene expression: the technique is
extremely sensitive (as low as 10717 moles of luciferase/L [5]); it is faster and less expensive
than other imaging strategies; it does not have a problem of background signal common to
other approaches; and the assay can be performed multiple times on the same animal. The
latter removes problems of variation between animals, as well as the time consuming
process of gathering data through sequential sacrificing of animals at specific time points.
High sensitivity, ease of use, high throughput and minimal post image analysis makes BLI
preferable to other forms of in vivo imaging. In living animal tissue, the rate limiting factor
for the detection of luciferase is an optimal supply of the substrate to maximize the signal
strength. When conditions are at an optimal level the intensity of the bioluminescence
should be directly proportional to the amount of luciferase. If the substrate is at a suboptimal
level then substrate dosage is directly proportional to bioluminescence detected [2]. Animal
imaging studies should always be performed with substrate at as near optimal level as
possible. Initial studies with a new animal model or recombinant Luc-tagged virus should
initially go through a series of empirical studies to determine optimal substrate levels for
BLI.

In vivo detection of luciferase bioluminescence can potentially be less useful in larger
animal model as light is attenuated by approximately tenfold for every centimeter of tissue
through which it passes [2].

Although bioluminescent detection in vivo from recombinant plasmids expressing luciferase
has been well described, the use of recombinant viruses tagged with luciferase is less well
studied but is a growing field. The luciferase gene can be expressed under any promoter.
The human cytomegalovirus (HCMV) immediately early promoter is most commonly used
as it has a high level of expression that is universally strong across a broad range of host
species. One herpesvirus that has proven amenable to luciferase tagging and BLI in the
mouse model is herpes simplex type 1 (HSV-1) [6,8,11,19]. Studies by Burgos et al. [6]
were able to show, via BLI and real-time PCR viral detection assays, that there is a direct
correlation between viral DNA load and bioluminescence for HSV-1 infection in a mouse
model, which demonstrates that this approach can be both qualitative and quantitative for
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viral studies. Studies with HSV will be discussed in more detail in the ‘DNA viruses’
section.

FLuc is a 61 kDa protein and emits a yellow-green Apmax = 562 nm ‘glow-like’ signal at
room temperature, however, at 37°C the wavelength shifts to 612 nm. FLuc can produce a
signal for extended periods of time (t12 = ~3 h), assuming continuous supply of substrate.
The substrate that FLuc utilizes is D-luciferin (t1/2 ~ 30 min), which requires ATP and
Mg?2* as cofactors in order to produce a signal [14,15,20]. Notably, D-luciferin has good
distribution in the animal model as it is capable of crossing the brain [8] and placental
barriers [21]. The strong signal produced in the yellow-green spectrum along with the good
distribution of its substrate has made FLuc the luciferase of choice for in vivo studies.
Importantly, the ATP dependency of FLuc ensures only actively metabolizing cells produce
a signal, which reduces false positive results. By mutating the FLuc gene, it has been
possible to create an enzyme that produces red-shifted light [22], which can potentially
improve sensitivity in larger animals as the longer wavelength of light is able to penetrate
through more tissue.

The 19 kDa GLuc emits light at Ayax = 485 nm and the 36 kDa RLuc produces light at Apax
=480 nm [1,16]. Both produce an ATP independent ‘flash-type’ bioluminescence reaction
by which the signal peaks 10 s following substrate addition and declines to background
levels rapidly over 10 min in tissue culture. In animals, GLuc and RLuc produce signal 1-2
min postintravenous injection of substrate (coelenterazine) [16]. Consequently, obtaining
quantitative results from these luciferases is greatly affected by small variations in the time
between substrate administration and imaging. The GLuc and RLuc substrate coelenterazine
is not favorable for in vivo animal studies as serum can cause auto-oxidation, which
increases background noise giving poorer signal. Additionally, coelenterazine cannot cross
the blood-brain barrier [23] and needs to be directly injected into the brain for BLI studies.
An additional drawback of GLuc and RLuc is the relatively short wavelength of light
emitted, which is particularly problematic for in vivo experiments as shorter wavelengths
have a reduced ability to penetrate tissues. Red-shift variants of GLuc and RLuc have been
developed [24,25] with improved in vivo imaging. The benefits of using GLuc and RLuc for
invivo BLI is their relatively small size compared with FLuc. GLuc is naturally secreted and
can be detected in the blood and urine. Therefore, it can be used to monitor ex vivo
biological processes [26,27]. However, viruses are intracellular pathogens and the secreted
GLuc is less desirable for bioluminescence but is useful for luminescence studies of viral
replication. A nonsecreted version of GLuc is required for adequate imaging of intracellular
pathogens [28]. FLuc and RLuc are both cell associated and their requirement for different
substrates potentially allows both to be utilized within a single subject (tissue culture or
animal model) [29]. Dual imaging has been implemented to investigate bacteria pathogens
and cancer studies [30,31] but this strategy has not been fully explored for virus studies.

Another luciferase, NanoLuc, is a relatively small (19.1 kDa) protein that produces a glow-
type signal, which is over 150x greater than FLuc or RLuc. As with RLuc and GLuc,
NanoLuc can use coelenterazine as a substrate, however, bioluminescence is optimized
when the coelenterazine analogue furimazine is used [32], which is administered
intravenously [17]. NanoLuc is one-third the size of FLuc and does not require ATP, which
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makes it suitable for use as an ex vivo biomarker. However, NanoLuc has an emission peak
wavelength of 460 nm, which hampers the effectiveness of signal in deep tissue studies [17].

Overall, Fluc is the more effective luciferase for in vivo BLI studies due to its long
wavelength and the ability of D-luciferin to diffuse effectively throughout the animal.
However, other experimental constraints, such as the size of the virus genome, may
necessitate the use the smaller luciferase.

Bioluminescence imaging equipment

The light emitted by the luciferase—substrate reaction cannot be observed by the naked eye
or by conventional microscopy. Highly sensitive imaging systems are required for
bioluminescence as the signal reaching the surface of the animal is very weak. In mice, a
bioluminescence source of 1 mms3 cells will only produce signal in the order of nW and pW.
Therefore, the animal is placed in a light proof specimen chamber where a highly sensitive
charge-coupled device (CCD) camera is used to detect photons emitted (Figure 1B). The
CCD camera converts photons that strike silicon wafers into electrons and records the
intensity, longer exposure allows for stronger signal detection (Figure 1C & D). The CCD is
supercooled to -90°C in order to reduce thermal noise from the charge carrier, and
increasing the CCD sensitivity to detect very low level light. Image acquisition is controlled
by software that enables analysis and modification of the final image. Some imaging
systems are capable of utilizing laser scanning to render a 3D surface topography, which is
used to map internal source of the bioluminescent signal [33]. The development of
bioluminescence topography systems is being carried out in order to give 3D reconstructions
of the signal source [34,35].

Combining BLI with other imaging modalities such as x-ray computed tomography (CT;
IV1S-200 system and living image software), ultrasonography, PET, single photon emission
CT and MRI can produce a detailed and accurate identification of tissues that are producing
bioluminescence [36]. A list of commercially available in vivo imaging systems is presented
in Box 1. The Xenogen IVIS systems (Perkin Elmer, CA, USA) are the most sensitive for
BLI dedicated studies.

Quantifying bioluminescence images

To quantify the photons emitted from an anatomical site/region of interest the number of
photons emitted per unit time from a fixed area (photon flux) are measured using image
analysis systems. By using the photon flux, the differences in image acquisition time and
field of view are normalized between exposures, enabling easier comparison of the data
between experiments. During repeat imaging of the animal, it is important to position the
animal accurately in reproducible positions for image acquisition. By this method BLI can
be used as a direct correlation with viral load, provided that substrate is at optimal level.
However, animal model BLI data is hampered by absorption of light by mammalian tissues,
therefore similar levels of signal originate from different tissue depths appear different at the
surface thereby quantitation relies on the tissue depth being known and uniform.
Consequently, more accurate results may require conventional strategy such as real-time
PCR of extracted DNA for viral load [44].
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Bioluminescence tissue optics

The major difficulty of in vivo BLI is signal attenuation (~tenfold per cm of tissue) [2]. In
theory, the larger the animal model the more tissue between the light source and the
detector, which results in reduced signal [2]. The most commonly used animal is the mouse,
but other animals are being effectively explored (such as rats [45], guinea pigs (Figure 1)
[46], and ferrets [47]). The specific best-fit model is dependent upon the specific viral
pathogens being studied. Pigmentation of the animal can absorb light and modify the
strength of the signal. Animal fur can cause light scattering, which also affects the signal
produced, with white fur quenching signal significantly less than dark fur [48]. Localized
shaving of the animal can improve image sensitivity, although it may lead to change in skin
pigmentation, which in turn alters the signal [5,49]. Skin and muscle are better at
transmitting light than highly vascular tissues/organs, therefore difference in
bioluminescence between organs may not necessarily be due to differences in viral load, but
instead result of variation in tissue optics [50].

Substrate administration

In order to optimize the BLI signal there should be saturating level of substrate within the
animal at the time of imaging. The route of substrate administration is critical to insure
adequate distribution [51,52]. The most commonly used routes of substrate administration
are intraperitoneal (IP) and intravenous (1V). IP-delivered substrate leads to a lag time (~10
min) for maximal signal production but results in uniform distribution in the animal,
including the brain, and has an extended duration of maximum bioluminescence. The IP
route is commonly used for Fluc substrate (D-luciferin at 150 mg/kg [8]). IV injection has a
much faster biodistribution resulting in a much stronger signal produced within seconds of
substrate administration. However, the clearance of the substrate from the animal is
considerably faster, and this route is typically used for coelenterazine for Gluc/RLuc (at 4
na/g [8]). Working stock solutions can be stored for a limited time at -80°C in light proof
container but substrate should be stored as a powder long term. Substrates are administered
at a weight-dependent dose [53]. The increase in demand for BLI has increased the number
of suppliers of substrate, which has reduced the initial prohibitive high cost.

As animals need to be immobilized when imaging, isoflurane is most commonly used as an
anesthetic. The subject is usually anesthetized with 4% isoflurane mixed with oxygen and
maintained with a constant supply of 2% isoflurane, which can be piped into the imaging
chamber. Animals can be sedated for the duration of the imaging procedure, up to 40 min
per session or longer as required. For optimal bioluminescence, the D-Luciferin substrate
should be injected before sedation [54]. If isoflurane cannot be used then other drugs such as
ketamine can be considered. Ketamine is administered through intramuscular injection, and
produces anesthesia in a dose-dependent manner, with a minimum sedation time of 15-20
min [55]. However, dosage should be optimized by individual investigators and varies
between animal models. Notably anesthetics can have different effects on the blood system,
which can alter the BLI results [53]. Anesthetics can also potentially have an effect on the
long-term health of the animal. Isoflurane causes the least reduction in cardiac output, and
typically allows the animal to recover more rapidly, compared with injected anesthetics [55].
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Luciferase-tagged viruses for BLI studies

Recombinant viruses are commonly engineered to express a luciferase reporter gene under
control of a viral promoter to maximize gene expression [6,56]. Although it is possible to
incorporate a luciferase gene into large DNA virus, for example, HSV-1 [8], insertion of the
reporter gene into a small RNA virus, for example., Influenza A virus, is not always
practical because of limited ability to accommodate extra genes without resulting in viral
attenuation. Therefore, alternative strategies are required for BLI [28]. Below is a review of
successful BLI studies of luciferase-tagged DNA and RNA viruses.

DNA viruses

Human herpesvirus 1 (HHV-1)

One of the most extensively studied viruses via BLI is HSV-1 an alphaherpesvirus, which
has a large dsDNA genome. HSV-1 typically initiates lytic infection at a mucosal epithelial
sites before entering peripheral nerve terminals and then migrates to sensory nerve ganglia
where it establishes latency [11]. The virus can cause serious life-threatening disease in the
immunecompromised individual. Recombinant HSV-1 encoding FLuc or RLuc were
initially generated for BLI studies [57]. BLI experiments in mice determined that the FLuc
was more effective than RLuc [8,23]. Treatment of virus infected mice with the antiviral
valacyclovir produced a dose-dependent decrease in FLuc signal. This demonstrated that in
vivo bioluminescence could be utilized to quantify/monitor HSV-1 infection and efficacy of
antiviral therapy in an animal model [8]. However, to obtain fully quantitative data the BLI
was combined with ex vivo imaging of organs and real-time PCR of extracted tissue DNA to
determine absolute viral load [6].

Combination studies of recombinant luciferase-tagged viruses with various transgenic
knockout mice models has enabled investigation into the influence of the host innate
immune system on viral infection/dissemination. Several transgenic mice with knockout
interferon (IFN) components (such as, type 1 and type 2 IFN, Statl, IFNafyR IRF-3 and
IRF-7) were studied with FLuc-expressing HSV-1 via corneal infection.

Bioluminescence imaging of recombinant Fluc-tagged HSV-1 demonstrated that HSV-1, in
mice lacking type 1 IFN receptors, infected the lungs, liver, spleen and regional lymph
nodes, unlike wild-type mice where the virus was confined to site of infection before being
cleared. By contrast, mice with type 2 IFN receptor knockout showed no systemic spread of
HSV-1. However, mice with both typel and type 2 IFN receptor knockouts showed rapid
systemic viral spread with the mouse dying after only a few days postinfection [9], which
demonstrated an interdependence on both receptors. Statl and IFN together help to regulate
infection by mediating IFN-dependent gene expression. Interestingly, BLI of HSV-1
dissemination in mice with an N-terminal deletion in Statl demonstrated transient infection
of the liver and spleen. However, in IFNafyR knockout mice, BLI of HSV-1 showed
viremia and sudden infection of the liver and spleen [10]. In order to investigate the
difference in results, transgenic mice carrying a Sat-1 deletion in the DNA-binding domain
demonstrated, via BLI, lethal viremia and sudden infection of the liver and spleen of HSV-1.
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These results demonstrated the advantage of BLI as a rapid screen for changes in viral
tropism dissemination in vivo [10].

Interferon regulatory factors IRF-3 and IRF-7 are thought to be central to the innate antiviral
response. HSV-1 pathogenesis studies using transgenic IRF-3, and/or IRF-7 knockout mice
demonstrated via BLI that viral replication, spread in the CNS and throughout the body
occured in the double-knockout mice as opposed to individual knockouts. Additionally,
several days postinfection the IRF-7 knockout mice demonstrated significantly greater
bioluminescence in lymph nodes compared with IRF-3 knockout mice whilst the animal
survival was greatly shortened compared with wild-type and IRF-3-deficient mice. These
results demonstrated that the IRF-7 is the dominant innate immune factor and that IRF-3 and
IRF-7 act together to prevent viremia. Further investigation showed high levels of I1L-6
transcripts and G-CSF indicating systemic inflammatory response, which explains the
systemic spread of HSV-1 observed in the BLI, and therefore the increased mortality [58].

In additional experiments using immunocompromised mice, lacking IFN-a/p and -y
receptors (AG129 mice), it was possible to observe the requirement of HSV-1 viral host
shutoff (vhs) function for innate immune evasion. BLI imaging of AG129 mice with
recombinant FLuc-tagged HSV-1 demonstrated rapid viremia and death. In contrast, mutant
(vhs-) Fluc-tagged HSV-1 showed severe attenuation and impaired viral dissemination [59].
These results demonstrate that BLI can be a critical tool in investigating the innate immune
response to viral infection [9-10,58-59] and the study of specific viral genes associated with
pathogenicity/immune evasion.

Human herpesvirus 3 (HHV-3)

The alphaherpesvirus HHV-3, or Varicella-Zoster virus (VZV) is the causative agent of
chicken-pox and shingles. Unlike HSV, VZV can only be studied in a limited capacity in an
animal model. However, BLI has been used to great effect in screening the viral genome for
essential genes that are involved in replication and tropism in a high-throughput tissue
culture system. Systematic global knockout of every open reading frame in the genome of an
infectious recombinant FLuc-tagged VVZV (vaccine strain) was used to assay virus growth
via bioluminescence in MeWo cells and human fetal skin cell culture. These studies
demonstrated the successful use of BLI as an efficient assay to compare viral growth of the
mutant viruses in vitro, and thereby identify essential viral gene for infection [60,61]. For in
vivo BLI VZV studies, a humanized severe combined immunodeficient (hu-SCID) mouse
model was developed using grafts of implanted human tissue. The xenograft was infected
with FLuc-tagged VZV and imaged at specific time points postinfection. The results from
BLI demonstrated a daily increase in bioluminescence from infected xenografts related to
viral spread [62]. This approach holds significant promise for the study of VZV epithelial
and neuronal tropism [63].

Reactivation of latent herpes viruses

Alphaherpesvirus latency and reactivation have not been investigated by BLI. However, BLI
has successfully been utilized to study viral latency and reactivation of other herpesviruses.
For example, a FLuc-tagged murine gamma-herpesvirus-68 (MHV-68) was investigated as a
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Poxviruses

model human gammaherpesviruses. BLI of mice infected with the FLuc-tagged MHV-68
identified initial sites of lytic replication. Additionally, after initial clearance of an acute
infection, BLI demonstrated real-time reactivation of latent virus, induced by treating the
animal with proteasome inhibitor (Velcade), or an immunosuppressant (cyclosporine A)
[64]. Recent BLI studies demonstrated reactivation of MHV-68 as a result of an acute
infection of parasitic worms, and a mechanism of herpesvirus reactivation related to specific
cytokines [65].

Reactivation of CMV, a betaherpesvirus, was studied in mice with a recombinant mouse
CMV (MCMV) expressing GLuc and red fluorescent protein mCherry. The GLuc and
mCherry genes were synthesized from a single open reading frame (ORF) with the proteins
separated by picornavirus p2A site. The HCMV Immediate early (IE) promoter allowed
simultaneously high levels of expression of both reporter proteins [66]. In an animal model,
poor spatial resolution impairs imaging of single infected cells. Therefore, individual cells
were visualized by fluorescence imaging of histological tissue sections using mCherry to
identify individual virus-positive cells. Additionally, secreted GLuc from infected cells
made it possible to quantify virus reactivation in explants by measuring luminescence in
culture supernatants [66].

Among the Poxviridae only Variola virus is a human-specific pathogen but other poxviruses
can be transmitted from animals to humans. Although Variola virus, the causative agent of
smallpox, was eradicated in 1977, the study of various poxviruses remains important. One of
the most commonly studied poxviruses is vaccinia virus because of interest in development
as a vaccine platform. In order to investigate the effects of interferon on viral replication and
dissemination, FLuc was inserted into the viral genome [67]. In transgenic interferon type |
receptor knockout mice compared with wild-type mice, viral replication and dissemination
to the liver and spleen of vaccinia virus was significantly greater. Vaccinia virus infected the
lungs and brain in both IFN I receptor knockout and wild-type mice after intranasal
inoculation [67]. Subsequently, BLI studies in mice depleted of alveolar macrophages, via
liposomal clodronate, demonstrated the importance of the macrophages in limiting vaccinia
virus infection in the lung [68].

Monkeypox virus (MPXV) causes lesions similar to that of smallpox. However, where
smallpox can only infect humans, monkeypox is capable of infecting a wide range of
mammals [69]. Black-tailed prairie dogs are most susceptible to monkeypox and are
therefore a good potential model [69,70]. Recombinant Fluc-tagged monkeypox virus was
generated and BLI of adult black-tailed prairie dogs infected with the virus enabled
identification of viral replication around the area of inoculation [70]. However, the liver,
lung, brain, spleen, intestines and kidney were also positive for virus although no
bioluminescence was detected in these tissues in vivo [70,71]. These studies demonstrated
the potential limitations of BLI in larger animal models.
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RNA viruses

Influenza A virus

Viruses with smaller genomes such as RNA viruses are limited in their ability to
accommodate relatively large reporter genes because of restricted coding capacity. Influenza
A virus, an orthomyxovirus, causes respiratory tract infection commonly referred to as flu.
The influenza A genome is relatively small and segmented. In order to investigate the
effectiveness of cross-protective monoclonal antibodies against influenza A in vivo, a GLuc-
tagged virus was developed [28]. However, despite using one of the smallest luciferases the
reporter gene insertion attenuated the virus [28]. The GLuc gene was linked to other viral
genes using foot and mouth disease virus (FMDV) 2A site to restore virus growth to near
wild-type levels [28]. Additionally, in order to convert the usually secreted luciferase GLuc
to a cell-associated luciferase, a C-terminal endoplasmic reticulum retention sequence
(KDEL) was added to the GLuc [28]. The BLI images of infected mice showed that the
lungs of the mice had reduced bioluminescence to varying degrees depending on the
therapeutic antibody used.

In an alternative approach, a recombinant Influenza A virus was generated to express
NanoLuc. The recombinant virus replicated with near wild-type kinetics and showed very
little attenuation in culture or in vivo. Furthermore, this virus was capable of causing lethal
infection in mice [72]. Additionally, recombinant NanoLuc-tagged virus could be used to
track the airborne dissemination of the virus between animal (ferret) and demonstrated by
lung infection [47]. This approach holds significant promise in the future studies of
intervention strategies in real time in an animal model.

Dengue virus

Dengue virus (DENV) is a single-stranded RNA flavivirus that is mosquito-borne and is
prevalent in southwest Asia, the pacific and the Americas. DENV causes hemorrhagic fever
and significant morbidity and mortality. In order to study DENYV infection in the brain, a
recombinant RLuc-tagged DENV was generated and used in an AG129 mouse model that
lacks IFN-a/p and -y receptors. Since the RLuc substrate, coelenterazine, cannot cross the
blood-brain barrier an intracranial inoculation was required to enable BLI brain infection
studies [73]. The results showed a strong correlation between the signal produced and the
viral titer, thereby validating this technique as a measure of monoclonal antibody antiviral
strategies for DENV [73]. A FLuc-recombinant DENV was also generated but,
unfortunately this virus was attenuated in vivo [73,74]. However, the FLuc-tagged DENV
did identify the lymph nodes, spleen and gut-associated tissues as sites of viral replication
[74]. Potentially, a recombinant DENV encoding NanoLuc might be a more effective in a
future approach based on the success of NanoLuc-tagged Influenza A studies [72].

High-throughput antiviral screening & iloviruses

The recent Ebola virus (EBOV) disease outbreak in west Africa 2014 has dwarfed previous
epidemics and threatens to spread throughout neighboring countries [75]. A case fatality rate
of 50-70% highlights the necessity for effective intervention strategies and development of
rapid screening protocols to evaluate new antivirals. A high-throughput antiviral assay using

Future Virol. Author manuscript; available in PMC 2015 November 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Coleman and McGregor Page 10

luciferase-tagged Ebola virus has been developed. The 19 kb single-stranded negative sense
RNA genome, was modified by a reverse genetics system to incorporate a GLuc gene into
both recombinant infectious Ebola and another closely related filovirus, Marburg viruses
(MARYV) [76]. Antiviral studies performed in African green monkey kidney (Vero-E6) cells
with GLuc-tagged virus evaluated potential antiviral strategies by measuring
bioluminescence signal from a cell monolayer [76,77]. These experiments highlight the
effectiveness of rapid quantification of viral replication through the use of luciferase-tagged
virus. Potentially, the ability to study Ebola virus in a guinea pig [78] or hamster [79] animal
models in conjunction with luciferase-tagged viruses could produce highly informative data
on viral disease and efficacy of intervention strategies.

Gene-therapy delivery systems, oncolytic viruses & BLI

Gene therapy

Specific viruses can be modified for use as a therapeutic gene delivery vector. BLI and a
luciferase-tagged viral vector can be useful to verify gene expression in targeted cells/
tissues. Defective recombinant lentiviruses [80] and adenovirus [81-83] have been used to
deliver tagged reporter genes into mice either by or into specific cells for transplantation into
tissues [21]. These experiments used BLI to investigate specific viral routes for potential
delivery vectors for corrective agents [19]. Large DNA viruses have the potential to act as a
gene-delivery vector, such as Bovine Herpesvirus 4 (BoHV-4) which demonstrated specific
tissue targeting in vivo. BoHV-4 shows moderate or no pathogenicity and no oncogenicity
and can accommodate large amounts of genetic material without appreciable effect on it
replication. A recombinant virus expressing FLuc demonstrated that the virus was located
only in the liver of mice [84].

Oncolytic viruses

Oncolytic viruses show potential as novel therapy strategies against specific cancers [85].
There are several viruses currently being studied via BLI for their ability to target cancer
cells. BLI has been utilized to investigate the effectiveness of mutant HSV-1 in targeting and
lytically replicating within tumors [86]. In this study, dual imaging of the virus and the
tumor was performed by establishing an RLuc-expressing cancer cell line. The Rluc-
expressing cancer cells were injected into each flank of BALB/c mice. When the tumors had
grown to 5 mm in diameter recombinant Fluc-tagged HSV-1 was injected directly into one
of the tumors. The results showed that in the uninfected tumor the RLuc signal grew,
whereas the infected tumor showed a decrease in RLuc signal. The Fluc signal peaked after
24 h postinfection and reduced over time, presumably in response to the reduced number of
cancer cells in which to replicate. In conjunction with PET, which is a technique used to
identify and stage tumors, it was possible to demonstrate replicating virus in the tumor along
with cancer cell death [86]. VVaccinia virus also has potential as an oncolytic vector. Since
vaccinia virus has no known specific receptor for entry it can infect almost any tumor cell
type. FLuc-tagged vaccinia virus has been used to track the virus to specific tumor sites in
SCID mice [7]. Using GFP-tagged tumor and FLuc plus red fluorescent protein-tagged virus
it was possible to demonstrate virus replication and tumor destruction in vivo following IV
administration [87].
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An attenuated Measles virus (MV), a paramyxovirus, is currently in clinical trials as an
oncolytic vector [85]. A recombinant MV was generated which was unable to utilize the
signaling lymphocyte activation molecule which the virus uses to enter lymphocyte cells
[88]. By these means, the mutant virus was restricted to entering cells via other receptors,
predominantly using Polio virus receptor-related 4 protein (PVRL4) which is expressed in
breast, lung and ovarian cancer cells. In order to verify breast cancer targeting, nude mice,
xenografted with breast cancer cells, were infected with recombinant MV expressing FLuc
which was unable to recognize the cellular receptor signaling lymphocyte activation
molecule. The virus was administered directly into the tumor and detection of
bioluminescence from FLuc combined with MRI and demonstrated that the viral replication
was confined to the tumor [88].

Bioluminescent transgenic mouse models & viruses

As an alternative strategy to inserting a luciferase gene into a recombinant virus genome the
luciferase reporter gene can be introduced into transgenic animals for BLI studies. A
luciferase-tagged animal model enables the study of preexisting wild-type or mutant viruses
in vivo in conjunction with BLI technology. Predominantly, all transgenic mice are FLuc
tagged [89]. However, leaky FLuc expression in transgenic animals can potentially produce
a background in BLI studies.

Mice encoding FLuc, under IFN-f3 promoter control, were generated and used in influenza A
virus studies. Infected mice did not show significant IFN-f gene activation during the first
1-2 days postinfection. The luciferase activity increased in lungs when the animal showed
signs of disease. A mutant influenza A virus lacking IFN-antagonistic factor NS1 (a
nonstructural viral protein) showed luciferase activity peaking 24 h postinfection. These
results suggest that the viral NS1 protein inhibits IFN-f3 gene expression in the lung
epithelial cells. Viral loads were quantified using qRT-PCR in homogenized lung 24 h
postinfection. This approach successfully characterized a specific viral immune suppression
protein without attenuating the virus by insertion of a luciferase cassette into the viral
genome [90].

Investigation into the humoral immune response in the central nervous system to MCMV
brain infections used transgenic BALB/c mice expressing FLuc under $-actin promoter
control. MCMV-primed CD19* B-cells from the transgenic mice were transferred into
MHC-matched B-cell deficient recipient mice, via tail vein injection, one day before
intracerebral inoculation with MCMV. By this means it was possible to track the primed
CD19" response from the spleen to the brain as MCMYV infection developed. BLI results
demonstrated that a neuroimmune response is elicited in the mouse brain when challenged
with MCMV [13].

Luciferase-tagged transgenic mice can additionally be controlled by the site-specific
recombinase Cre-loxP system and the use of Cre-expressing virus. Transgenic mice that
encode the luciferase gene inserted into the generalized expression locus ROSA26 are
prevented from expressing luciferase by a loxP-flanked STOP fragment inserted between the
ROSA26 promoter and luciferase gene. Recombinant virus expressing the Cre enzyme
removes the stop cassette resulting in luciferase expression and therefore enables
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bioluminescence. This method has been utilized in humanized mice to characterize
recombinant Cre-expressing HCV [81]. HCV only infects humans and nonhuman primates.
However, four cellular proteins have been identified as being all that is required to enable
HCV infection. Therefore, mice were further humanized by using recombinant adenoviruses
encoding the four proteins to act as a gene-delivery vector and transfect the genes into
transgenic mice expressing lox-P flanked FLuc in the ROSA26 locus. When the mice were
infected recombinant Cre-expressing HCV, bioluminescence could be detected in the liver
of the mice [81]. This strategy requires the recombinant virus to encode a Cre enzyme,
which has the advantage of being smaller than FLuc (38 kDa vs 61 kDa) and therefore
capable of being incorporated into viruses with smaller genomes.

Future of bioluminescence imaging & animal models

BLI equipment

Further improvements in the accuracy of qualitative and quantitative data gathering and
analysis are still possible for BLI. Advances in the CCD cameras used in BLI such as
intensified CCD (ICCD) and electron-multiplying CCD (EMCCD) will reduce imaging
times to millisecond durations and potentially allow imaging of real-time tracking of moving
objects such as blood. Initial capital cost of the equipment remains high and restricts the
common use of BLI systems. However, core facilities can overcome prohibitive costs to
individual labs.

Combining BLI with other imaging modalities such as x-ray C T, ultrasonography, PET,
single photon emission CT and MRI can produce a detailed and accurate identification of
the source of the bioluminescence signal and thereby the infected tissue.

Improvements in luciferase & substrate

Enzyme

The development of red-shifted variants of the luciferases will improve signal penetration
from deep tissue providing more sensitive measurements. There have been several
luciferases that produce light at red/infrared (e.g., railroad worm luciferase) but these have
activity and ability issues [22,91]. Mutations in the FLuc, RLuc and GLuc have created
variants that produce red-shifted light, which have greater photon output compared with the
native luciferase making detecting the emitted light easier in larger animals [22,92]. New
luciferases have been identified that are more cell compatible such as a variant of GLuc that
emits more sustained light in mammalian cells [93,94]. Notably, by covalently labeling
FLuc with near infrared dyes it has been demonstrated that signal of 705 and 783 nm can be
produced via bioluminescence resonance energy transfer [95].

The development of a small Luciferase that produces high yield signal in the far red
spectrum would allow for a more accurate study of the virus. The smaller luciferase would,
in theory, have minimal impact on the virus because of size constraints affecting replication.
Additionally the longer wavelength would allow for deeper tissue penetration and therefore
more accurate detection in the animal model.
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Substrate

Development of a more efficient enzyme substrate will greatly aid in assay sensitivity [32,
96-97]. Synthetic luciferin substrates are also being developed that are more stable and
produce brighter signal [98]. For example, synthetic luciferin cyclic alkylaminoluciferin
(CycLucl) has been demonstrated to significantly improved in vivo BLI using FLuc. Data
showed a greater than tenfold higher bioluminescence was detected using CycLucl
compared to equivalent dose of D-Luciferin, therefore allowing for less substrate to be used
in order to produce detectable signal, therefore cutting costs [20]. The real advances in BLI
will most likely come from advancements in the substrate to produce light at near infrared
[99]. Notably, it has been possible to attach small molecule fluorophores (AlexaFluor 650
and 680) to luciferins, and thereby use the bioluminescence from the luciferase—luciferin
reaction to stimulate the attached fluorophore, through a process called bioluminescence
resonance energy transfer, to produce bioluminescence at near infrared wavelength [100].
However, these constructs are bulky and native luciferases were unable to effectively utilize
the substrate resulting in reduced photon output and are not amenable for long term in vivo
study.

Luciferases are available that do not require substrate to be added to the cell. The lux
operons from bacteria such as photorhabdus luminescens, encode all proteins required for
bioluminescence, including the luciferase, substrate and substrate-regenerating enzymes,
producing light at 490 nm. The bacteria lux operon has been demonstrated to function in
human cells [101] and allows for possible use not only in bacterial/animal studies but also
recombinant virus pathogenesis model.

Transgenic animals

Adoptive transfer of luciferase-expressing cell types can be used to study the adaptive [102]
and innate immune system in response to existing mutant viruses. Notably, defective
recombinant Fluc-tagged adenovirus was used to infect zona-free blastocysts, which were
implanted into pseudo-pregnant recipients. The results showed trophectoderm specific
infection with only bioluminescent signal detected in the placenta [21], demonstrating that
specific organs can be made to express luciferase genes, therefore it is possible to have
selective luciferase-tagged organs and not the entire animal.

Imaging protein—protein interactions/viral tropism/animal model

Imaging protein—protein interactions in vivo is possible by utilizing the split luciferase assay
whereby inactive N-term luciferase (NLuc) and C-term luciferase (CLuc) fragments tagged
to two different proteins of interest. Combination of the fragments forms a functional
luciferase, moreover dissociation of the tagged proteins results in separation of the
fragments and loss of signal, allowing quantitative analysis of real-time protein—protein
interactions. This can be utilized to study the mechanism of specific viruses tropism or any
viral-host cell protein binding [103].

Split luciferase can also be used to investigate the activity of proteases. By separating the
NLuc and CLuc with the specific cut site for the protease only allows for bioluminescence if
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the separating segment is cleaved. In this manner the activity of specific viral proteases,
such as in Hepatitis C, can be analyzed in vivo [104].

Caspase 3 dependent pro-luciferase are available that are only active if caspase 3 cleaves the
cleavage site (DEVD), which separates the N-luc from the CLuc. Consequently, luciferase
can only be activated during apoptosis. In a study on mouse hepatitis virus 3 (MHV-3) and
apoptosis inhibitors pathogen-free mice were hydrodynamically injected into the tail vein
with plasmid containing the proluciferase 14 days prior to infection by lethal dose of
MHV-3. The BLI showed apoptosis of the liver after 48 h, which peaked at 72 h (all mice
died within 96 h). This model demonstrates a sensitive strategy of measuring apoptosis
during viral infection [105]. Apoptosis associated virus replication can alternatively be
assayed by the use of a proluciferin substrate that carries the caspase 3/7 cleavage site,
which is similarly only active in apoptotic cells [106].

Conclusion & future perspective

Bioluminescent imaging is an important development in the study of virology and disease in
animal models. Improvements to luciferase, substrate and imaging equipment will result in
highly sensitive tools for investigating viral replication, host immune response and
therapeutic gene in larger animal models. Over the next 5-10 years the field of BLI will
expand with the development of more stable, higher yielding luciferases and substrates
capable of producing a palette of signal wavelengths enabling multi-source imaging. More
powerful imaging equipment capable of multimodal and 3D imaging will combine to
minimize spatial resolution resulting in more accurate data collection and the use in large
animal models. In short the future is looking bright for BLI in viral research.
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Executive Summary
Bioluminescent reporter genes

» Bioluminescent imaging has become an effective strategy for tracking viral
infection in real time in an animal model through the use of a dedicated imaging
system. Although various luciferase reporter genes are available for
bioluminescence imaging (BLI) studies, the firefly luciferase (FLuc) is most
commonly used as it has the best signal production for in vivo imaging. Viruses
with limited space in their genome cannot accommodate such a large reporter
gene, therefore, smaller luciferase must be used or an alternative strategy of
using luciferase-tagged transgenic animals employed.

DNA viruses & bioluminescence

» Various DNA viruses have been successfully studied using BLI, HSV-1 being
perhaps the most studied virus using BLI strategy. Imaging of recombinant
viruses in a variety of transgenic knockout animal models has provided novel
insights into the host immune response to viral infection. BLI has enabled the
coherent tracking of the viral life cycle including the reactivation of various
herpesviruses.

RNA viruses & bioluminescence

e Small RNA viruses, especially those with segmented genomes (e.g., influenza A
virus) cannot accommodate large luciferases (e.g., FLuc) without attenuating the
virus. Smaller luciferases are potentially effective but alternative approaches
using Cre virus and loxP luciferase transgenic animals are also effective
strategies. BLI has been successfully employed in the study of various RNA
viruses in a number of animal models.

High-throughput antiviral screening using bioluminescence

» Bioluminescent imaging can be used as a real-time strategy to measure viral
load and is therefore an effective tool for rapid high throughput antiviral
screening in tissue culture and efficacy studies of antivirals in animals.

Oncolytic virus & gene therapy vectors & bioluminescence

» The developing field of virotherapy and oncolytic viruses is aided by the ability
to track viruses to specific tissues/tumors. Dual tagging of both the tumor and
the virus means that the regression of the tumor and the viral load can be
measured simultaneously. For viruses used as gene-delivery vectors, BLI can be
used to confirm gene delivery systemically or to a specific tissue.

Virus-infected transgenic animals & bioluminescence

» Many investigators have generated untagged libraries of mutants that they
would like to study via BLI. An alternative strategy to luciferase tagging the
virus is to insert the luciferase tag into transgenic animals, which enables
observation in vivo of wild-type or mutant viral infection using preexisting
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viruses. Experiments have been designed such that luciferase is expressed in
direct response of viral infection. The luciferase can also be used to observe the
host innate and adaptive immune response. However, using luciferase-tagged
transgenic animals can have potential background issues due to leaky
expression.

Future developments in virology & bioluminescence imaging

* Future developments in luciferases and substrates such as red-shifted variants
along with better imaging systems are overcoming much of the current imaging
constraints of BLI and enabling more sensitive in vivo study of virus replication
in larger animal models.
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Figure 1. Bioluminescence imaging in tissue culture and an animal model

(A) Diagram of a single cell expressing FLuc, which enzymatically acts on o-Luciferin
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(substrate) to produce oxyluciferin + AMP and a photon of light. The photons are detected
by the CCD camera, which produces the image, example shows tissue culture plate with
FLuc expression virus. (B) 1VIS-50 imaging system (Xenogen/Perkin Elmer., CA, USA)

and BLI of FLuc expression from recombinant guinea pig CMV (GPCMV) in infected
guinea pig pup. (C) The overlay image of the bioluminescence detected from the Fluc

catalyzing D-Luciferin after 1 s and (D) 1 min onto image of the subject guinea pig pup.

CCD: Charge-coupled device.
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Table 1

Summary of major viral bioluminescence applications.
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In vivo BLI application Method Ref.
Antiviral discovery high throughput Correlating BLI signal to real-time effects of antiviral strategies on viral load [6]
Gene therapy Coexpression with gene of interest to verify expression and location [7
Viral replication Recombinant luciferase-expressing viruses in vivo or in vitro [8-10]
Innate immune pathways Either through the use of luciferase-tagged viral infection in transgenic mice containing [11,12]
knock-out immune components, or imaging luciferase-tagged immune components in
transgenic mice in response to wild-type or mutant viral infection
Immune cell response to viral infection ~ Adoptive transfer of luciferase-expressing cells from transgenic animals into viral infected [13]
animals for cell type tracking
Oncolytic cancer therapy Demonstrating tumor targeting and/or effects of therapy on tumor [7]
Viral pathogenies/disease model Identifying specific role of viral select proteins [12]

BLI: Bioluminescence imaging.
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